Abstract-GaN is grown on an Si substrate using metalorganic vapor-phase epitaxy. Compared with the full width at half maximum values from X-ray diffraction patterns and photoluminescence spectra of conventional GaN on the Si substrate, those of GaN on the Si substrate with the insertion of various-temperature AlN nucleation layers and Al 0.3 Ga 0.7 N/GaN superlattice intermediate layers are reduced by 34.9% and 25.6%, respectively. In addition, Raman spectra show that residual stress on the GaN epilayers decreased by 0.35 GPa. The c-lattice parameter of the GaN epilayer is 5.1844 Å, which is close to that of an unstrained GaN layer. Ultraviolet metal-semiconductor-metal photodetectors are fabricated on an almost-crack-free GaN surface. The dark current of a photodetector on the Si substrate is 2.4 × 10 −11 A at a 9 V applied bias, which is one order of magnitude smaller than that of a photodetector on a conventional sapphire substrate. The maximum quantum efficiency value of a photodetector on the Si substrate is ∼97% with an incident light wavelength of 360 nm and a 9 V applied bias.
the difference in thermal expansion coefficient between Si and GaN often lead to poor crystal quality and the formation of crack networks [2] , [8] , [9] . In addition, it has been shown that Ga reacts strongly with Si, making it difficult to directly grow GaN on Si. To overcome these problems, a nucleation layer can be inserted between GaN and Si. Various nucleation layers, such as silicon carbide (SiC), aluminum nitride (AlN), aluminum arsenide (AlAs), and gallium arsenide (GaAs), have been used [7] - [11] . Among these nucleation layers, AlN is chosen in the present work because it can prevent Si from diffusing into the GaN epilayer and it effectively supports GaN hexagonal phase formation. However, the AlN nucleation layer creates a residual stress on the GaN surface due to the material mismatches between Si/AlN and AlN/GaN. The effects of the intermediate layer structure on the crystal quality of the GaN film and the performance of GaN PDs on an Si substrate have not been previously investigated.
In this paper, GaN is grown on Si substrates with various-temperature AlN (VT-AlN) nucleation layers and Al 0.3 Ga 0.7 N/GaN superlattice (SL) intermediate layers via metal-organic vapor-phase epitaxy. The materials grown are quantified and compared. UV GaN MSM PDs are fabricated on Si substrates and their optical and electrical properties are compared with those of GaN MSM PDs on sapphire substrates.
II. EXPERIMENTAL DETAILS
200-mm, p-type, (111)-oriented Si substrates were used in this study. The samples were grown using an Aixtron metal-organic vapor-phase epitaxy system. TMGa, TMAl, TEGa, and NH 3 were used as precursors. For the AlN nucleation layer growth, the V/III ratio was about 1920, the chamber pressure was about in 101 mbar, the growth rate was around 2.5-2.7 nm/min. A 30-nm-thick AlN layer was initially grown on the Si substrate at 1393 K. Another 30-nm-thick AlN layer was then deposited at a temperature of 793 K to 1393 K. Subsequently, another 30-nm-thick AlN layer was deposited at 1393 K. Al 0.3 Ga 0.7 N/GaN SL layers were then grown at 1393 K with Al 0.3 Ga 0.7 N and GaN thicknesses of 4 nm to 12 nm. Al x Ga 1−x N/GaN SL layers were then grown at 1393 K with Al x Ga 1−x N compositions of x = 0.1 to x = 0.5. Finally, a 1-μm-thick GaN layer was deposited at 1393 K. The X-ray diffraction (XRD) ω scan rocking curves were obtained with a Bede D1 four-crystal diffractometer using Cu K α radiation. The photoluminescence (PL) and Raman spectra were measured with a Jobin-Yvon LabRAM HR system using an He-Cd laser at 325 nm and an Argon laser at 514 nm as the excitation sources, respectively. The surface morphology was studied using field-emission scanning electron microscopy (SEM). A Pt-coated tip was used as a movable probe for atomic force microscopy (AFM), which was used to determine the surface roughness of the GaN surface. Ni(10 nm)/Au(90 nm) contact layers were then separately deposited on the samples using thermal evaporation and radio-frequency magnetron sputter systems. For comparison, previously reported epitaxial processes were used to deposit a 1-μm-thick GaN layer at 1393 K with a GaN nucleation layer at 813 K on a conventional sapphire substrate [3] - [6] . GaN MSM PDs were fabricated by using standard photolithography and lift-off processes. The electrode fingers of the interdigitated metal contact patterned on MSM PDs were 10 μm wide and 200 μm long, with a spacing of 10 μm. The samples were treated with rapid thermal annealing (RTA) at 1123 K for 90 s. A schematic of the structure is shown in Fig. 1 . An HP-4156 semiconductor parameter analyzer was then used to measure the dark current-voltage (I -V ) characteristics of these PDs. Spectral responsivity measurements were also conducted using a Jobin-Yvon SPEX system equipped with a 450-W xenon arc lamp light source and a standard synchronous detection scheme.
III. RESULTS AND DISCUSSION
The VT-AlN nucleation layer structure contains two hightemperature AlN layers and one low-temperature AlN layers, as shown in Fig. 1(a) . Regarding epitaxial parameters, a lower growth rate decreases the probability of stacking faults, interstitial impurities, and substitutional impurities, resulting in better crystal quality [2] , [8] , [12] . During the epitaxial processes, a high V/III ratio contributes to enhance epitaxial lateral growth resulting in dislocation bending and good epilayer uniformity [2] , [13] , [14] . A lower chamber pressure leads to a smaller amount of impurity, pollution, and carrier gas consumption [8] , [12] , [14] . A low chamber pressure, a low growth rate, and a high V/III ratio were thus used here. The growth temperature of the nucleation layer affects the organic precursor molecular pyrolysis, chemical reactant diffusion, atom bond strength to the substrate surface, and crystal coalescence [12] , [14] . A large thermal expansion coefficient mismatch between materials and high thermal stress during the epitaxial procedure create lots of cracks [2] , [8] , [15] . In this work, the low-temperature AlN nucleation layer was deposited at various temperatures, and the resulting crystal qualities were compared. Table I lists the full width at half maximum (FWHM) values of XRD rocking curves of the (002) reflection, FWHM values of PL measurements, and GaN roughness values. Lower FWHM values of XRD patterns and PL spectra mean lower defects and impurities in the epilayer, and thus better crystal quality [8] , [12] . A smoother surface also means lower density of defect pits and cracks.
For the low-temperature AlN nucleation layer deposited at 1393, 1193, 1093, 993, 893, and 793 K (samples S0, S1, S2, S3, S4, and S5, respectively), the FWHM values of the XRD rocking curves are 757, 720, 601, 564, 588, and 652 arcsec, respectively. This crystal quality trend is similar to those of surface roughness and FWHM values of PL spectra. Depositing the low-temperature AlN nucleation layers at 993 K yielded the best crystal quality. Compared with the FWHM values from XRD patterns and PL spectra of conventional GaN on an Si substrate using high-temperature AlN nucleation layers (sample S0), those of GaN on an Si substrate using low-temperature AlN nucleation layers (sample S3) are significantly reduced by 25.5% and 20.9%, respectively. In addition, the surface roughness of the GaN epilayers is reduced by 45.5%. The VT-AlN nucleation layer effectively lowers the influence of the thermal expansion coefficient mismatch, resulting in crystal quality improvement. Dadgar (for 20 min at 923 K) of about 583 arcsec, which is higher than that obtained from here (sample S3) [17] .
Al 0.3 Ga 0.7 N/GaN SL layers with various thicknesses were then deposited, and the improvements in the crystal quality of GaN were compared. Table II lists some FWHM values of XRD rocking curves of the (002) reflection, FWHM values of PL measurements, and GaN roughness values. The FWHM values of XRD rocking curves for samples S6, S7, S8, S9, S10, S11, and S12 are 548, 493, 513, 524, 562, 520, and 539 arcsec, respectively. This crystal quality trend is similar to those of surface roughness and the FWHM values of PL spectra. The best crystal quality was obtained for the Al 0.3 Ga 0.7 N/GaN SL layers with Al 0.3 Ga 0.7 N and GaN thicknesses of 8 and 4 nm, respectively. Al 0.3 Ga 0.7 N/GaN SL layers with various single-pair thicknesses of 3, 6, 12, and 20 nm (samples S13, S14, S7, and S15, respectively) were then compared. Al 0.3 Ga 0.7 N/GaN SL layers with periods of 10, 20, 30, and 40 pairs (samples S16, S7, S17, and S18, respectively) were also compared. The sample S13 shows bed crystal quality. It's suggested that the induced force by the strain-layer SL structures are not suitable to repulse the dislocations away [12] , [15] , [20] . For Al x Ga 1−x N/GaN SL layers with an x ratio of 0.1, 0.2, 0.3, 0.4, and 0.5 (samples S19, S20, S7, S21, and S22, respectively), the FWHM values of the XRD rocking curves are 551, 512, 493, 532, and 579 arcsec, respectively. The resulting crystal qualities are listed in Table III . An Al content of 30% and a Ga content of 70% are well matched for the Al 0.3 Ga 0.7 N/GaN SL structure. This SL composition may provide good atom arrangements during lattice formation and give suitable compensative strain to decrease the residual strain of the epilayer resulting in good crystal quality [2] , [8] , [12] , [15] . The insertion of Al x Ga 1−x N/GaN SL layers create a strain to decrease the residual stress of the epilayer [15] . A suitable Al x Ga 1−x N/GaN SL structure, with the proper layer thicknesses, composition, and number of pairs, can effectively decrease treading dislocations and stacking faults of lattice atoms, resulting in crystal quality improvement [15] , [18] , [19] . For the hetero-epitaxial growth, the stresses and strains are among the biggest challenges due to lattice constant mismatch and thermal expansion constant mismatch [15] . Theoretical models suggest the possibility of dislocation reduction and strain relief with the insertion of a suitable SL interlayer [2] , [8] , [12] , [15] , [20] , [21] . However, in practice, suitable AlGaN/GaN SL structures must be tuned for better GaN crystal quality. In this work, the best crystal quality was obtained with 20 Fig. 3 shows Raman spectra of the three samples measured at room temperature. In these three spectra, the peaks near 564.9, 565.9, and 566.4 cm −1 of samples S0, S3, and S7, respectively, originate from the E 2 mode of the GaN hexagonal phase. It has been shown previously that the E 2 mode Raman peak of unstrained hexagonal GaN is located at 567.4 cm −1 [23] . In other words, the Raman peak position is red-shifted by 2.5, 1.5, and 1.0 cm −1 for samples S0, S3, and S7, respectively. The relationship between the E 2 mode Raman peak shift ( ω γ ) and the in-plane biaxial stress (σ χχ ) can be expressed as [7] , [23] , [24] :
where σ χχ is the stress in GPa, ω γ is the Raman peak shift in cm −1 , and K γ is the stress coefficient (4.3 cm −1 GPa −1 ). [25] , [26] :
where C 0 is c-lattice parameter of the unstrained GaN layer (5.1850 Å) [25] . Fig. 1(a) ). For comparison, GaN MSM PDs on a sapphire substrate were also prepared (i.e., PD_B in Fig. 1(b) ). The epilayer of sample PD_B has XRD FWHM, PL FWHM, and surface roughness values of about 509 arcsec, 0.033 eV, and 3.7 nm, respectively. A high-work-function Ni/Au electrode was used to ensure a high Schottky barrier high. The RTA steps are used to enhance the metal-semiconductor contact. Fig. 4(a) shows the I -V characteristics of PD_A and PD_B measured in the dark. With a 5-V applied bias, the measured dark current (leakage current) of PD_A is 1.5 × 10 −11 A. The dark current of PD_A is 2.4 × 10 −11 A under a 9-V applied bias. With 5-V and 9-V applied biases, the measured dark currents of PD_B are 2.5 × 10 −10 and 5.6 × 10 −10 A, respectively. Chiang et al. reported a dark current of above 10 −7 A at a 9-V applied bias for GaN MSM PDs on Si substrates with a β-SiC intermediate layer [7] . Chang et al. reported a dark current of above 3.0 × 10 −10 A at a 5-V applied bias for GaN MSM PDs on a sapphire substrate [3] , [4] . These values are higher than that of PD_A. A large leakage current can be attributed to the trapping of minority carriers at the metal-semiconductor interface [27] . The trapped carriers reduce the depletion width and the build-in voltage, lowering the Schottky barrier height and thus increasing the leakage current [6] . This implies that PD_A has a lower number of trapped states at the GaN surface than that of PD_B. Fig. 4(b) shows the PL spectra of the two samples. An intense near-band-gap transition is located at 3.4 eV. Fig. 4(b) shows a second luminescence line centered at around 2.2 eV for PD_B, which represents yellow luminescence due to a transition from shallow to deep donor states. The optical absorption related to the yellow band is attributed to a transition from impurity levels, called defect trapped levels or trapped states, to the conduction band [28] , [29] . There are thus fewer trapped states on the GaN surface of PD_A than on PD_B. Sheu et al. and Jhou et al. suggested that trapped-state-assisted tunneling is a possible conduction mechanism for enhancing the dark current [5] , [6] . Brazel et al. and Chang et al. suggested that there are metastable acceptor-and donor-like states coexisting in the vicinity of the surface that are responsible for high internal gains [3] , [30] . The internal gain and dark current of PD_B are thus higher than those of PD_A. The inserted figure of Fig. 4(b) shows an enlarged region of the PL spectra. The intense near-band-gap transitions of samples PD_A and PD_B are located at 3.4239 and 3.4335 eV, respectively. That for the unstrained GaN layer is located at 3.4285 eV [24] . According to previous reports, the peak shift is related to the biaxial stress on the film surface [7] , [24] :
where E g is the intense near-band-gap transition. The biaxial stresses of samples PD_A and PD_B were calculated to be about 0.22 GPa (tensile stress) and 0.24 GPa (compressive stress), respectively. It is known that the nearband-gap transition of a semiconductor is affected by the residual stress in the film. A tensile (compressive) stress results in a decrease (increase) in the near-band-gap transition [24] , [31] . In addition, the residual stress value of sample PD_A (sample S7) obtained from the PL spectra is similar to that obtained from the Raman spectra. Fig. 5 (a) and (b) show spectral responses measured from PD_A and PD_B under illumination by a xenon arc lamp, respectively. It can be seen that the cutoff is at around 360 nm for both PDs. With a 5-V applied bias, the UV-to-visible rejection ratio is defined as the responsivity measured at 360 nm divided by that measured at 420 nm. The UV-to-visible rejection ratios were estimated to be 1479 and 683 for PD_A and PD_B, respectively. Jhou et al. reported a UV-to-visible rejection ratio of GaN Schottky diode PDs on a sapphire substrate of about 1070, which is lower than that of PD_A [6] . With an incident light wavelength of 360 nm and a 1-V applied bias, the maximum responsivities are 0.20 and 0.25 A/W for PD_A and PD_B, respectively. The maximum responsivity of PD_A increased by 40% to 0.28 A/W when the applied bias was increased to 9-V. For PD_B, the maximum responsivity increased by 144% to 0.61 A/W when the applied bias was increased to 9-V. The significant bias-dependent responsivity of PD_B suggests that this MSM PD has a large internal gain [3] , [27] . According to the previous reports, the quantum efficiency can be estimated using [3] , [7] , [32] , [33] :
where η is the quantum efficiency, R is the measured responsivity, h is the Planck constant, c is the speed of light, q is the electron charge, and λ is the incident light wavelength.
With an incident light wavelength of 360 nm and a 9-V applied bias, the maximum quantum efficiency values of PD_A and PD_B are about 97% and 210%, respectively. Notice that the maximum quantum efficiency for PD_B is larger than its theoretical limit, i.e., a quantum efficiency beyond 100%, indicating the existence of a large photoconductive gain in PD_B [3] , [27] , [33] . The results indicate that the small photoconductive gain of PD_A may be contributed to that the high-crystal-quality epilayer on the GaN surface, which leads to a small reduction of the Schottky barrier height and a small internal gain [3] , [27] , [33] . With an incident light wavelength of 360 nm and a 5-V applied bias, the maximum responsivity is 0.26 A/W for PD_A, which correspond to quantum efficiencies of 90%. Chiang et al.
reported quantum efficiencies at a 5-V applied bias for GaN MSM UV detectors prepared on an Si substrate using β-SiC (c-SiC), β-SiC (poly-SiC), and β-SiC (PSC) buffer layers of about 37%, 41%, and 47%, respectively, which are lower than those obtained here [7] . GaN-based PDs prepared on an Si substrate have better device performance, such as lower dark current and higher UV-to-visible rejection ratio, than those prepared on a conventional sapphire substrate. The results all indicate that GaN MSM PDs on an Si substrate perform well. In addition, a GaN epilayer on an Si substrate is a viable option as a template for large-area substrates and the commercial Si-based integrated circuit industry.
IV. CONCLUSION
A high-crystal-quality GaN epilayer was prepared on an Si substrate using VT-AlN nucleation layers and An almost-crack-free GaN surface was obtained due to tensile stress relief. With a 9-V applied bias, the dark current of UV MSM PDs on an Si substrate is about 2.4 × 10 −11 A, which is one order of magnitude smaller than that of UV MSM PDs on a conventional sapphire substrate. With an incident light wavelength of 360 nm and a 9-V applied bias, the maximum quantum efficiency values of UV MSM PDs on an Si substrate is about 97%. A high-crystal-quality GaN epilayer on an Si substrate can potentially be incorporated into large-area Si-based systems.
